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We study LHC signatures of Type III seesaw in which SU(2)l triplet leptons are introduced to 
supply the heavy seesaw masses. To detect the signals of these heavy triplet leptons, one needs to 
understand their decays to standard model particles which depend on how light and heavy leptons 
mix with each other. We concentrate on the usual solutions with small light and heavy lepton mixing 
of order the square root of the ratio of light and heavy masses, (m^/M^) 1 / 2 . This class of solutions 
can lead to a visible displaced vertex detectable at the LHC which can be used to distinguish small 
mixing and large mixing between light and heavy leptons. We show that, in this case, the couplings 
of light and heavy triplet leptons to gauge and Higgs bosons, which determine the decay widths and 
branching ratios, can be expressed in terms of light neutrino masses and their mixing. Using these 
relations, we study heavy triplet lepton decay patterns and production cross section at the LHC. If 
these heavy triplet leptons are below a TeV or so, they can be easily produced at the LHC due to 
their gauge interactions from being non-trivial representations of SU(2)l. We consider two ideal 
production channels, 1) E + E~ —> £ + £ + £~£~jj (£ = e, fx, t) and 2) E ± N -> i^^jjjj in detail. 
For case 1), we find that with one or two of the light leptons being r it can also be effectively studied. 
With judicious cuts at the LHC, the discovery of the heavy triplet leptons as high as a TeV can be 
achieved with 100/6 -1 integrated luminosity. 



I. INTRODUCTION 



Neutrino oscillation experiments involving neutrinos and antineutrinos coming from astrophysical and 
terrestrial sources have found compelling evidence that neutrinos have finite but small masses. To accom- 
modate this observation, the minimal standard model (SM) must be extended. Generating neutrino masses 
through the seesaw mechanism |Q, I2 , 0, [4 ] is among the most attractive ones. It explains the smallness of 
neutrino mass by supplying a suppression factor of the ratio of electroweak scale to a new physics scale. 
There are different ways to realize seesaw mechanism. They can be categorized as Type I, Type II and Type 
III seesaw mechanisms. The main ingredients of these models are as the followings. 
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Type I |1|]: Introducing singlet right-handed neutrinos vr which transform as: (1,1,0) under SM 
SU(3)c x SU(2)l x U(l)y gauge group. It is clear that vr does not have SM gauge interactions. The 
neutrino masses m v are given by m u ~ y^v 2 /M UR , where v is the vacuum expectation value (vev) of the 
Higgs doublet in the SM, y v is the Yukawa coupling and M VR is the right-handed neutrino mass, which 
sets the new physics scale A. If y u ~ 1, to obtain the light neutrino mass of order an eV or smaller, M VR 
is required to be of order 10 14 ~ 10 15 GeV. This makes it impossible to directly detect vr at laboratory 
experiment. However, the Yukawa coupling y u does not need to be of order one. If it turns out to be similar 
to or smaller than the Yukawa coupling for electron, M VR can be as low as a TeV. 

Type II I2I: Introducing a triplet Higgs representation A transforming as: (1,3,2). In this type of 
models, the neutrino masses are given by: m v « Y v va, where v& is the vev of the neutral component of 
the triplet and Y v is the Yukawa coupling. With a doublet and triplet mixing via a dimensionful parameter 
ix, the electroweak symmetry breaking (EWSB) leads to a relation va ~ H-v 2 /M A , where Ma is the mass 
of the triplet. In this case the scale A is replaced by M\j 11. With 7^1 and /i ~ Ma, the scale A is also 
10 14 ~ 10 15 GeV. Again a lower value of order a TeV for Ma is possible. 

Type III [31]: Introducing triplet lepton representations with (1,3,0) SM quantum numbers. The 
resulting mass matrix for neutrinos has the same form as that in Type I seesaw. The high scale A is replaced 
by the mass of the leptons in the SU (2) l triplet representation which can also be as low as a TeV. 

In the absence of more experimental data, it is impossible to tell which, if any, of the mechanisms is 
actually correct. Different models should be studied using available data or future ones. The most direct 
way of verifying the seesaw mechanism is, of course, to produce the heavy degrees of freedom in the models 
if they are light enough, and study their properties. The Large Hadron Collider (LHC) at CERN with the 
unprecedented high energy and luminosity is the best place to carry out such a test. 

Major discoveries of exciting new physics at the Terascale at the LHC are highly anticipated. Test of 



seesaw mechanism at LHC has received a lot of attentions recently [5|, 
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13Q . However, it 



is believed that any signal of vr would indicate a more subtle mechanism beyond the simple Type I seesaw 



due to the otherwise naturally small mixing V[ VR ~ y/m v /M VR between the heavy neutrinos and the SM 
leptons. Some of the ways to evade such a situation are to have some new gauge interactions Jg, |8|] or to 



find solutions where Vi UR are large which can happen in inverse seesaw models 

The possibility of testing the Type II seesaw mechanism at the LHC has been considered by several 
|9|, I10I1. Recently one group including one of us systematically explored the parameter space in 



groups 



this model IllOH . Using preferred parameters from experimental data, they found that in the optimistic 
scenarios, by identifying the flavor structure of the lepton number violating decays of the charged Higgs 
bosons, one can establish the neutrino mass pattern of the normal hierarchy (NH), inverted hierarchy (IH) 



or quasi-degenerate (QD). Many other signatures of Type II seesaw at the LHC have been studied 



130. Due to the fact that the 



There have also been studies to test Type III seesaw at the LHC Mill. 1121 . 
SU{2)i triplet S has gauge interactions, the production of the heavy triplet particles can have a much 
larger cross section compared with that in Type I seesaw. The Type III seesaw can be tested in a more 
comprehensive way up to the TeV range. In this paper we further study some features of the Type III 
seesaw at LHC. To detect the signals of the heavy triplet leptons, one needs to understand their decays to SM 
particles which depend on how light and heavy leptons mix with each other. Similar to Type-I seesaw, in this 
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model it is also possible to have small and large mixing V[ VR between light and heavy leptons 

The usual solutions with light and heavy lepton mixing of order the square root of the ratio of light and 
heavy masses, {m v /M VR ) 1 / 2 could lead to a visible displaced vertex in the detector at the LHC 111 111 . This 



fact can be used to distinguish small mixing and large mixing between light and heavy leptons. The latter 
does not lead to a displaced vertex. It has long been realized that it is possible to have large light and heavy 



neutrino mixing originatec 



of attentions recently [15 



from the so-called inverse seesaw 1 1411 . This possibility has also received a lot 



16|]. With a large mixing between light and heavy leptons, one can also study 
single heavy lepton production This can also be used to distinguish model parameter spaces. We will 
concentrate on the usual small light and heavy mixing solutions. 

The analysis carried out in this work, in many ways, is similar to that in Ref. [S| since in both cases the 
productions of heavy lepton pairs are through gauge boson mediation, and also the light and heavy lepton 
mixing comes from seesaw mechanism. The main differences are that in this model the heavy leptons 
have electroweak interactions and the mediating gauge bosons in productions are W and Z, while in the 
model discussed in Ref. [8|], the heavy neutrinos do not have electroweak interactions and the mediating 
particle is the new neutral gauge boson Z' . Our analysis also has overlaps with that in Ref. Jl7] where Type 
I+III seesaw was studied, but detailed correlations are different since the model in Ref. J17I1 has both heavy 
neutrinos from Type I which do not have electroweak interactions and also the triplet heavy leptons from 
Type III we are considering. We have checked that when applicable, our results agree with those obtained 



in Ref. |g, 



LTD. 



We find that there is a relation between the low energy neutrino oscillation and mass parameters, and the 
heavy triplet lepton decay parameters which has not been considered before in this model. We first derive 
this relation, and then make concrete predictions of the heavy triplet lepton signals using this relation for 
the small mixing solutions. We consider two ideal production channels, 1) E + E~ — ► £ + £ + £~£~jj {£ = 
e, /i, r) and 2) E^N — > i^l^jjjj in detail. We also include r events reconstruction in the analysis which 
turns out to give some interesting additional information. With judicious cuts at the LHC, the discovery 
of the heavy triplet leptons as high as a TeV can be achieved with \OOfb~ 1 integrated luminosity. With 
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300/6 integrated luminosity, the reach of the scale for heavy triplet leptons can be higher. 

The paper is arranged as the following. In Sec. II we summarize some basic features of Type III seesaw 
model, paying particular attention to the heavy triplet lepton couplings to SM bosons and light leptons, and 
display relations between the low energy neutrino oscillation and mass parameters. In Sec. Ill we study 
constraints on the relevant parameters in the model, taking full advantage of the relations obtained in Sec. 
II. In Sec. IV we study the heavy triplet lepton decays. In Sec. V we study production of heavy triplet 
leptons and the detection signals at the LHC. Finally in Sec. VI we summarize our main results. We also 
include two appendices, Appendix A and Appendix B, to provide more details on the derivation of the 
relation displayed in Sec. II and the general expressions for the heavy triplet lepton decay parameters. 



II. THE TYPE III SEESAW MODEL 



The Type III seesaw model consists, in addition to the SM particles, left4ianded triplet leptons with zero 
hypercharge, £_l ~ (1, 3, 0) under SU(3)c x SU(2)l x U(1)y lM- We write the component fields as 




The charge conjugated form is 

/ E° r c /V2 S7 C 
\ £+ c -£°7x/2 

Note that YT L is right4ianded. 

The renormalizable Lagrangian involving Sx(S^) is given by 

£ = Tr^£i0S L ] - il>[Sf M S S X + T^M^ C L ] - L^V2Y^ C L H - H^V2Y S L L . (3) 

Here we have defined that ^ = S L + £+ c with ^ L = £~, ^ R = S+ c . In the above L L ~ (1, 2, -1) is the 
left4ianded doublet lepton field, and H = ia2H* ~ (1, 2, —1) is the Higgs doublet filed. 

With a non-zero vacuum expectation value (H) = v/V2 for the Higgs field, the doublet leptons receive 
masses, and also mix the doublet and triplet leptons. The relevant terms in the Lagrangian for mass matrices 
are given by 

V ' " ' \ Yy,v M s ) \^>l ) 

+ h.c. (4) 




+ h.c. 
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The second line above gives the seesaw mass matrix for neutrinos. 

There are many different features for Type III seesaw compared with the other types. Unlike Type I 
seesaw model, in this model the doublet charged leptons mix with the triplet charged leptons leading to tree 



level flavor changing neutral current involving changed leptons II 1 811 - The fact that the heavy 



triplet leptons 



200. Different 



in Type III seesaw have gauge interaction also leads to other different phenomenology [19, 
extensions of the simplest model can also achieve different goals I21L 

For detailed studies, one needs to understand the mass matrices in Eq.|4]and their diagonalization further. 
The diagonalization of the mass matrices can be achieved by making unitary transformations on the triplet, 
the charged and neutral, leptons defined in the following 

= V L , R ( V ( VL )= V, ( V (5) 

where Ul,r and Uq are 6 x 6 unitary matrices, for 3 light doublet and 3 heavy triplet lepton fields, which 
we decompose into 3x3 block matrices as 

/ U L u Uuy \ / U R u U R iq \ ( Uouu UovT, \ 

U L = I ' ^ ' 

For our studies we need to know gauge and Higgs boson couplings to leptonic fields. In the weak 
interaction basis, they can be written as 




Cgauge = +e(* 7 ^ + l-fl)A„ + gcw^V + Vf^Zp 

9 A 1, 1 
cw ^ ^ 

- 5 (*z 7 "e° w- + %f^;) - Afl-fvLW- + h.c. , 

Cyukawa = -(17ZY^ L C + V2hY^ R )— - l R mil L — + h.c. , (7) 

y 1 v 

where c\y = cos 6\y- 

In the mass eigen-state basis, the photon couplings to fermions are diagonal, but Z couplings are more 
complicated. We have 

C-ncz = C-ncz + £ncz + (£%cz + h.c.) + (C®cz + h.c) + Cfjcz + £ncz (8) 



6 



where 



Cncz = gcw[* m v£^P L * m ,Z° + * m v£^P R * m ,Z°], 
£-ncz = -^^v^p L ^ m ,zl + TZvi^p R ^ m ,z% 

£ncz = -^^V^P L u ml Z% (9) 

£ncz = — —[irnykn^ p Li m 'Z^ + i m viia^PRi m 'Z% 

cw 



and 



1 1 

V ZW = 1 - 7pr U LW U LW, Vzqm, =1 , V^Y, = U Ql/S U „Z , 

zc w c w 
v ZuY = -U 0vv U vz, Vzm, = --j=Ul u U L iq,, Vz W = -\f2U Rll U R m,, 

Vtu = ul u U 0v u, v£ u = -clrI+lul n U Ll i, Vi^-cU + U^Um.. 

For the charged current interactions, we have 

C cc = (C£ c + £% c + £Z c + £E c + h.c.) (10) 



where 



^cc = -^KV^pAlW- + UV£-fP R T% L W-], 

t C CC = --^W^VL^PLVrn'LW- +%nVi v ^ P R V c m , L W~\, (11) 



C°cc = -^[l m V^P L u m/L W- + l m V^P R ^ mlL W-} , 



and 



Vk = U[ U U^ + V2ul m U Q ^, V& = V2U Rm U^, 

Vt = ul m U Quv + V2U[^U^ U , Vg = V2U R ^U^ U , (12) 
Vt = Vpmns = ul u U uu + V2Ul m U xu, v£ = V2U Rm U^ u . 

In the above we have made the approximation = Vpmns- Strictly speaking v£ is not unitary as the 
usual definition of the unitary 3x3 Vpmns matrix. The correction is at the order of 0(m u /Ms). It is a 
good approximation since we are working with the small light and heavy neutrino mixing scenario. 
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One finds an interesting relation 

VgM$?Vg = -VpMNS< ia9 V ] PMNS + mf a9 U T mi U Lm + U T Lm U mi mf a * . (13) 
The detailed derivation is given in Appendix A. A similar relation without the last two terms on the right in 



the above equation for Type I seesaw has been derived in Ref . |[8 , 



22D. 



The physical Higgs H° interactions with leptonic fields, in the mass eigen-state basis, are given by 

C s = Cj + C B S + h.c. , (14) 



where 



£f = -[T^V£yP L V m/ +T^V£ t m P R V m ,]H° , (15) 



and 



Vsi* = U^YvUlw + -^-UlurrnUmv, V£y = U ] LU Y^U R ^ + -^-U^m^u* ■ (16) 

\/2v V 2v 

In principle, the matrices Ul,r and Uq can be expressed in terms of Yg, mi and My,. Since for seesaw 

mechanism to work, Y^vM^ 1 should be small, one can expand Ul.r and Uq in powers of YyvM^ 1 to 

keep track of the leading order contributions. For this purpose, it is convenient to write the leading order 

expressions up to Y^v 2 M^ 2 in the basis where m; and My are already diagonalized, without loss of 



generality. The following results have been obtained in the literature jl8h 



Um = 1 - e , U LW = Y^M^v , U Lm = -M^Y^v , U L ^ = 1 - e' , 
Uru = 1 , Urw = miY^M^v , Ur^i = -M^Y^miv , U R yy = 1 , 
U 0w = (1 - e/2)VpMNS , U QvTt = Y^M^v/V2 , Uqy v = -M^Y^U^v /y/2 , 
U ys = 1 - e'/2 , e = Y^M^ 2 Yyv 2 /2 , e' = M^Y^M^v 2 /2 . 

To leading order in YyvM^ 1 , we have interaction terms involving heavy triplet leptons as 

£nc(A+z) = eE^EA^+gcwE^EZl , 

£ncz = -^WVpMNsVurfPL ~ V P r MNS Vi^P R )N+V2iVi N ^P L E + h.c.}Z° , 

C CC = -g\E-fN + ljV m -fP L N + EVi T n VUins^Pr^}W- + h.c. , (17) 

Cs = ^HV PMNS Vi N M d ™ 9 P R + V£ MNS V l * N M$ ag P L )N+ V2lVi N Mf 9 P R E\H° + h.c. , 
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with Vin = = — Y^yM^ I In the above, all fields are in mass eigen-states. The E, N and 
M^ 0,9 ,M^ a9 are mass eigen-states of ty, S, and the eigen-mass matrices, respectively. Note that the 
interactions involving light neutrinos in the above have the additional Vp m ns factor compared with those 
involving light charged leptons. 
To the same order, we also have 

V? N M% aa v} N = -VhiNsmt a9 V ] PMNS . (18) 

This equation plays an important role in constraining the elements in the coupling matrix V^v- 



III. CONSTRAINTS ON THE PHYSICAL PARAMETERS 



In the study of decay of E and N into SM particles, the interaction matrix Vin plays an important role. 
Knowledge about it is crucial. In this section we study constraints on Vin and the decay branching ratios of 
E and N. Eq. [l8]provides very important constraints on Vin- As have been mentioned before that there are 
two classes of solutions, the cases with small and large mixing between light and heavy leptons. The small 
mixing case is characterized by the fact that in the limit, mt m9 goes to zero, the elements in Vin also go to 
zero, and the elements in Vin are of order (m^/M^) 1 / 2 . But with more than one generations it is possible 
to have non-trivial solutions for Eq. [18] which have large mixing between light and heavy leptons, as have 
been shown in Refs. 1 15] and llcl . The cases with small and large mixing have very different experimental 
signatures. The small mixing solution case will lead to a visible displaced vertex in the detector at the 



LHC. While for the large mixing case, one can also study single heavy lepton production Biol . The aim 



of this paper is to study the correlations of heavy lepton productions and decays with low energy neutrino 
oscillation parameters and masses. Therefore in this section we will discuss constraints on the physical 
parameters for small mixing solutions. 



A. Neutrino Masses, Mixing and the Coupling Matrix Vin 

On the right-handed side of Eq. [T8l the parameters involved are in principle measurable parameters, the 
neutrino masses and mixing angles. Therefore in order to understand the constraints we need to know as 
much as these parameters. As has been mentioned before that in our case the Vpmns i s > in general, not 
unitary. However, since the deviation is of order Yxv/M-%, to a good approximation, we can neglect these 
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corrections and use a unitary matrix to represent it which can be written as 



VpMNS 



C12C13 



C13S12 



e- iS s 13 \ 



"Cl2Sl3S23e 



AS 



C23S12 C12C23 - e S12S13S23 C13S23 



xdiag^* 1 / 2 ,!,^ 2 / 2 ) 



\ S12S23 - e 1,5 Ci2C23Sl3 -C23Sl2Sl3e 1<5 - Ci 2 S 2 3 C13C23 / 



(19) 



where s^- = sin 9ij, Cij = cos < 9ij < vr/2 and < <5 < 2-7T. The phase 5 is the Dirac CP phase, and 
<]?; are the Maiorana phases. The experimental constraints on the neutrino masses and mixing parameters, 



at 2a level 12311 . are 



7.25 x 10~ 5 eV 2 < Am^ < 8.11 x 10~ 5 eV 2 , 2.18 x 10~ 3 eV 2 < lArojnJ < 2.64 x 10~ 3 eV 2 , 



0.27 < sin 2 12 < 0.35, 0.39 < sin 2 23 < 0.63, sin 2 13 < 0.040, 



(20) 



and no constraints on the phases. The neutrino masses are bounded by Y^i m i < 1-2 eV 02411 . 

For a complete discussion of these constraints see reference |^]. Following the convention, we denote 
the case Am^j > as the normal hierarchy (NH) and otherwise the inverted hierarchy (IH). In our later 
discussions unless specified for the input values of relevant parameters, when scanning the parameters space 
we will always allow 5x2,13,23 to run the above allowed ranges, and the lightest neutrino mass for NH and 
IH cases to run the range 10~ 4 ~ 0.4 eV. 

Eq. [18] relates Vuy to low energy measurable quantities, but the elements in V/jv can not be fully deter- 
mined. Certain assumptions or new parameters need to be introduced to describe the ranges for the elements 
in Vin- In the following we consider in details for the size of V^q with the Majorana phases set to zero first, 
and then comment on the effects of non-zero Majorana phases. 



1. Case I: Degenerate Heavy Triplet Leptons 

We start with a simple but interesting case where the heavy triplet leptons are degenerate. In this case 
Eq. [l8]becomes simple on the left hand side with Vj^M^^V^ = Mn Ylj=i 2 3 %%* 2 - Here the super- 
script "i" runs over the three light generation leptons and "j" runs over the three heavy triplet leptons. 
Mn = Mi = M2 = M3 is the heavy triplet mass. We have a simple expression from Eq.[T8l 

m n E M*) 2 = ( V PMNsmf a9 V^ MNS )u = Ml\ i = e,n,r (21) 

j=l,2,3 

where M v = Vp M NS m » agv PMNS- 
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Explicitly we have 

= 4 S ? 2 m 2 + C ? 2 c?3e-^ 1 m 1 + S ? 3 e i(25 -* 2) m3, 

j 

M nJ2^ V in*) 2 = ( c i2C23 - s 12 s 13 s 23 e- i5 ) 2 m 2 + (c 23 si2 + c 12 s 13 s 23 e~ i5 ) 2 e^ mi 
j 

+ c 13 s 23 e_i * 2m 3, 

Mjv^(iV^n 2 = (C12S23 + c 23 si 2 s 13 e~ iS ) 2 m 2 + (si 2 S23 - c 12 c 23 s 13 e~ l5 ) 2 e~ l ' s ' 1 m 1 
j 

+ c? 3 4e- i$2 m 3 . (22) 

If the phases in Vin are all zero, the right-handed sides in the above equations are all real. We can 
formally write 

m n {Vin*? = m n £ l^l 2 - (23) 

7=1,2,3 5=1,2,3 

Later when we will refer this particular case as Case I. 

If indeed the three heavy triplet leptons are degenerate or almost degenerate, experimentally when they 
are produced, one would not be able to distinguish them and therefore must sum over the heavy ones. The 
above equation allows one to fix the couplings completely in terms of low energy parameters. We emphases 
that this is true only for the case that all phases in Vin are zero. 

The experimental information on neutrino masses and mixing indicates that the neutrino mass matrix 
M v presents the following patterns 

M e v e < M^,M; r for NH, 

M e v e >M^,M T v T for IH. (24) 

More detailed discussions can be found in Ref. [10]. We plot the allowed values for the normalized cou- 
plings, £\ |V$| 2 Mjv/100 GeV, of each lepton flavor for this case in Fig. [TJ as a function of the lightest 
neutrino mass for both the NH (left panels) and the IH (right panels) cases. We see two distinctive regions 
in terms of the lightest neutrino mass. In the case < 10 -2 eV, . Ww\ 2 <C ■ Win\ 2 ^ Ylj l^jvl 2 

for NH and £\ | V t %\ 2 > ^ Ww\ 2 ' Ej Win\ 2 for IH - 0n the other hand ' for m i(3) > 10 ~ 2 eV ' we have 
the quasi-degenerate spectrum J2 j Win\ 2 ~ J2j Win 1 2 ~ IK/vl 2 as ex P ect ed. 
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FIG. 1: ^2j = i 2 3 I^zjvI 2 -^jv/100 GeV vs. the lightest neutrino mass for NH and IH for Case I without any phases, 
where areas for \i and r flavors overlap (same for other figures). 

2. Case II: A Class of Solutions for Small Mixing between Light and Heavy Neutrinos 
As already mentioned before the relation in Eq[l8]we can not completely fix the form for V\n, but we 



find that Vin can be written in the following form using the Casas-Ibarra parametrization B22I1 

V lN = iVpMNs(mt a ^ 2 n(w2i,w 31 ,w 32 )(M^ a9 )- 1 / 2 , (25) 

where (mf*) 1 ^ = diag{m] /2 , m l J\ m l J 2 ), {M^ 9 )- 1 / 2 = diag(M- 1/2 , M~ 1/2 , M~ l/2 ) and 
0(^21,^31,^32) satisfies QQ T = 1. In general the elements in Q, can be unbounded if complex vari- 
ables u>ij are used. Since we are interested in small mixing between light and heavy neutrinos, we will limit 
ourselves to the case where the angles Wij defined in Appendix B are real and allow them to vary in the 
ranges < w 2 i, w 31 , w 32 < 27r. More details about SI are given in Appendix B where explicit expressions 
for V^(i = e, fj,, r, j = 1, 2, 3) are collected. 

If SI = 1, the expressions for |V/tv| 2 are simple. We have 

Mid^l 2 , \V^\ 2 , \V$\ 2 ) = m 1 (c? 2 c? 3 , \s 12 c 23 + c l2 s l3 s 23 e l5 \ 2 , \s l2 s 23 - c 12 s 13 c 23 e iS \ 2 ), 

M 2 (\V^\ 2 , |^ 2 | 2 , |^ 2 | 2 ) = m 2 (44, \c 12 c 23 -s 12 si 3 s 23 e i5 \ 2 , \c 12 s 23 + s 12 s 13 c 23 e l5 \ 2 ), 

M 3 (|^ 3 | 2 , |^ 3 | 2 , \V^\ 2 ) = m 3 (4, 44, 44). (26) 

Using known data on the mixing parameters, it is easy to see that |V^| 2 > |V^^| 2 , |V^| 2 , jV^) 2 as 

I V IN I 2 ~ \ V IN I 2 » and I V IN?' \ V IN\ 2 > \ V IN\ 2 both for NH and IH Cases " 
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FIG. 2: |V^| 2 Mi/100 GeV vs. the lightest neutrino mass for NH and IH, when < w ?J < 27r for Case II without 
any phases in ft. 

To have a better understanding about the size of |V;tv| 2 , we scan all W21, W31 and W32 in the range 
< Wij < 2tt. = 1 case is obtained by setting sm(wij) = 0. Case I discussed earlier, is also a special 
case of Case II. 

The allowed range for the normalized coupling, |VJjy| 2 Mi/100 GeV is shown in Fig.[2]as a function of 
the light neutrino mass in each spectrum. The results for the NH and IH cases are displayed in the left and 
right panels, respectively. The ranges of | V^| 2 M 2 /100 GeV and |V^| 2 M 3 /100 GeV are almost the same 
and will not be shown separately. Unlike for Case I, by just looking at the absolute values | Vin\ 2 along, it is 
difficult to distinguish neutrino mass hierarchies. But there are allowed regions for |V^| 2 for the NH and 
IH which do not overlap. In this particular situation, there is still a hope to distinguish different neutrino 
mass hierarchies. 



B. Other Constraints 



In Type III seesaw model, the heavy triplet lepton masses are free para meters. The current constraint on 
heavy charged lepton masses comes from the direct search at collider 12511 . Me > 100 GeV, which we will 
use as a lower bound and take Me,n to be larger than Higgs boson mass Mh{> 114 GeV). Because the 
charged and neutral heavy leptons have different mass matrices, they are in general different. However the 
splits are small compared with the common mass term Afg. We will take Mjy = Me as the common triplet 
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mass in our later discussions. 



cays 



Other constraints come from electroweak precision measurements, LFV processes, and meson rare de- 



2ol . we have checked that these limits do not provide strong constraints for heavy 



triplet lepton decays and productions. 



IV. HEAVY TRIPLET LEPTON DECAYS 



In this section we study the main features of the heavy triplet lepton decays taking into account the 
constraints on |V;at| 2 from the neutrino mass and mixing data as discussed in the previous section. From 
Eq.[[8]one therefore anticipates that E and N decays could be different. We explore this in more details in 
the following. 



A. Main Features of Heavy Triplet Lepton Decays 



The partial widths for N and E decays are given by [6 , 



13] 



T(Ni - £~W+) = T(Ni - t+W~) = -gH^I 2 ^! 

047T 

3 n 2 T M 3 

^ y ' 64vrc 2 f^ 1 im M 2 7 

in = l vv £=e " 

± TW ^ H o ) = A± iV& A[ 1 .^L) , (27) 

m=l l=e w 

y T (e+ - v m w + ) = ^-Y |^| 2 ^f 

m=l l=e w 

In the above, we have used the relation 

Ei(^iV5^ri 2 =Ei^i 2 . (28) 

m=l £=e 

One can see that all E and N decay partial widths are proportional to |V^at| 2 and the branching ratios of 
the cleanest channels have relationship BR(N — > £^W T ) = BR{E^ — > l^Z) for large triplet mass. In 
Fig. [3] we show the branching fractions for the decays of N (left) and E (right) versus their masses with 
M H o = 120 GeV for Cases I and II, in which the lepton and neutrino flavors in final state are summed. 
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FIG. 3: Branching fractions of N and E ± . 

Since all partial widths are proportional to YH= e l^yvl 2 > there w& no other free parameters for the branching 
ratios displayed in the figure. 

B. Heavy Triplet Lepton Decays And Neutrino Mass Spectra 
We now present our results for decay branching ratios in detail for Cases I and II described before. 

1. Case I 

In Fig. H] we show the impact of the neutrino masses and mixing angles on the branching fractions 
summing all 2V$ decaying into e, fi, r lepton plus W boson respectively, with the left panels for NH and 
the right panels for IH. The branching fraction can differ by one order of magnitude in NH case with 
BR(fi ± W T ), BR(t ± W t ) » BR(e ± W T ), and about a few times of magnitude in the IH spectrum with 
BR(e ± W T ) > BR(fi ± W T ), BR(t ± W t ). As expected that all the channels are quite similar when the 
neutrino spectrum is quasi-degenerate, mi ni2 ~ > 0.1 eV. 

2. Case II 



We show the branching fractions of processes Ni — > t^W^ (£ = e,fi,r) as functions of the lightest 
neutrino mass for NH and IH, when Mi = 300 GeV, in Fig. [5] The behaviors of N2 and decays are 
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FIG. 4: The branching fractions of J2i=i 23^1 ^ ^W T (£ = e, /U, r) for NH and IH versus lightest neutrino mass 
when M N = 300 GeV, M H o = 120 GeV for Case I without any phases. 



almost the same. These do not seem to provide discrimination power between the two mass spectra. 

It is important to note that nature would choose only one specific form of $7, not a random selection. To 
illustrate in fact that detailed analysis can still distinguish different neutrino mass spectra in each special 
case, we show in Fig.[6]the branching fractions of N\ as functions of the lightest neutrino mass for NH and 
IH, respectively, with M\ = 300 GeV, and wi\ = w-^\ = 0.27T. Note that N\ decay does not depend on 
u>32. We see that the branching fractions for NH and IH cases can be substantially different, BR{^W^) > 
BR^W^) > BR^W^) in NH and BR^W^) > BR^W*), BR^W^) in IH. 

The above analysis can only be useful if there are independent ways that the angles w-ij and phases can 
be measured. We have not been able to find viable method to achieve this. We therefore would like to 
turn the argument around that if in the future the neutrino mass hierarchy is measured, then in combination 
with the possible information on the sizes of the elements in Vin from our later discussions in Sec. V.C., 
information on the model parameters Wy and phases may be extracted at the LHC. 



C. Impact of Majorana Phases for E and N Decays 

So far we have assumed that the Majorana phases are all zero. The unknown Majorana phases could 
modify the predictions for E and N decays. In this section we study the effect of non-zero Majorana phases 
on E and N decays. We note that in general there are two Majorana phases, $1,2, and a general analysis 
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FIG. 5: Branching fractions of process = e, fi, t vs. the lightest neutrino mass for NH and IH, when 

Mi = 300 GeV, M H o =120 GeV and < w i3 < 2-k for Case II without any phases in tt. 

will be complicated. The situation can be simplified for some special cases. From Appendix B, it can be 
easily seen that in the limits that mi = and m^, = 0, the phase $i and <E>2 drop off the expressions for 
Vin, respectively. The mi = can happen for normal hierarchy, and 7713 = can happen for inverted 
hierarchy neutrino mass patterns. We therefore will take these two cases for illustrations. Note that with 
non-zero Majorana phases, it is not possible to have Case I any more. Our discussion here will only apply 
to Case II. The Vin dependence on Majorana phases for Case II can be read off from Appendix B. The two 
illustration cases are: 

a. NH with one massless neutrino {mi m 0). In this case the E and N decay rates depend on only 
one Majorana phase $2- 

b. IH with one massless neutrino (772.3 ~ 0). In this case E and N decay rates depend on only one 
phase $1. 

In Fig. [7] we show the dependence of N\ decay rates with Majorana phases $2 and $1 in NH and IH 
respectively without any phases in Q. The dependence of N2 and N3 decays on Majorana phases are almost 
the same as that of N\. For $2 from to it in NH, they are always /j,W, tW channels that dominate. And 
for $1 from to it in IH, eW channel always dominates. To cover the whole ranges the range of Majorana 
phases needs to go from to An according to our definition in Eq. [19] But for the fully scanned plot Fig. [7] 
the range from to 2ir can reflect the complete feature. The figures are symmetric from 2ir to Air to the ones 
from to 2ir. We see that the Majorana phases do have impact on the branching ratios. One can extract 
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FIG. 6: Branching fractions of process e, fi, t vs. the lightest neutrino mass for NH and IH, with 

Mi = 300 GeV, and W21 = W31 = 0.2-7T for Case II without any phases in fl 

information on Majorana phase from different lepton-flavor final states. One can also study more detailed 
correlations of the NH and IH cases with the change of Majorana phases which we show indicative plots for 
the above two cases in Fig. [8] We can see that for NH when the phase $2 = 27r, one obtains the maximal 
suppression (enhancement) for channel N± — > fi^W T (N\ — > t^W^) by one order. For IH the maximal 
suppression and enhancement takes place also when <3?i = 2ir. In this case the dominate channels swap 
from N\ — > e ± W Zf when $1 = to N\ — > / u ± VF =F , r ± M /=F when $1 = 2ir. This qualitative change can be 
of useful in extracting the value of the Majorana phase 



D. Total Decay Width of Heavy Triplet Leptons 

To complete our study about the heavy lepton and neutrino properties, in Fig. [9] we plot the total width 
(left axis) and decay length (right axis) for N versus Mn in NH and IH for Case II. The total decay width 
is proportional to M U M^. Although not considered as long-lived for large triplet mass, the E and N decay 
could lead to a visible displaced vertex in the detector at the LHC. This displaced vertex can be observed 



through E and N reconstructions as first pointed out by Ref. Ill 111 . Careful analysis of displaced vertex can 
also provide crucial information about neutrino mass hierarchy since the NH and IH cases have different 
decay widths as can be seen from Figs. [6j [8l and also the right panel in Fig. [9] Since we cannot separately 
determine each of the heavy triplet lepton decays for Case I. It is not possible to give a similar description 
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FIG. 7: The branching fractions of N± — > £ ± W /=F versus Majorana phase $2 for NH and $1 for IH with Mi = 
300 GcV, M H o = 120 GcV and < m y < 2tt for Case II without any phases in 0. 

about the decay length. But this case is just a special case of Case II which are already implicitly included 
in the results for Case II. 



V. HEAVY TRIPLET LEPTON PRODUCTIONS AT THE LHC 



In this section we study the main production mechanisms of heavy triplet leptons and their experimental 
signatures at the LHC. There are exi sting previous literatures on this topic, both in theoretical and phe- 



nomenological considerations 111 . 
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250. The main production channels of E ± , N are 



pp^ 7*/Z* -> E + E~, pp —> W* — >■ E ± N . (29) 

The relevant total production cross sections are plotted in Fig. [TOl Note that the production cross sections 
for E + N and E~N are different due to the fact that the LHC is a pp machine. 

We can see that up to 1.5 TeV, the cross section for each production mode is a few times larger than 
0.01/6. It gives the hope that with enough integrated luminosity, saying 300 fb~ l , LHC may be able 
to probe the scale up to 1.5 TeV if all three production modes are analyzed. However, one should be 
more careful in carrying out the analysis beyond the naive total cross section estimate. One has to make 
appropriate cuts to reduce SM backgrounds which will also reduce the signal rate. 

The detection of E and N are through their decays into SM particles. We have studied the main decay 
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FIG. 9: The left and right panels are for the total decay widths of N± with Mjjo = 120 GeV for my scanned in their 
whole allowed ranges, and for W21 = W31 = 0.2ir, respectively. 

modes, — ► £^ Z^vW^ ,£^H° and N — > £^W^ ,uZ,v>H° in previous sections. The signal channels 



for and N productions can be classified according to charged usual leptons in the final states H 1 3h : i) 
6 charged leptons l± £± g± £ T £ T £ T ; ii) 5 charged leptons £ ± e ± £ T £ T £ + ; iii) 4 charged leptons £ ± £ ± £ ± £^; 
iv) 4 charged leptons £ + £ + £~£~; v) 3 charged leptons £ ± £ ± £ T ; vi) 2 charged leptons £ ± £ ± ; vii) 2 charged 
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leptons £ + £~ jjjj; And viii) 1 charged lepton I jjjj. 

With the heavy triplet leptons fixed at a mass of 300 GeV, it has been shown that signals from i) and ii) 
have too small cross sections. They are not good for discovery. Signals from iii) and iv) can provide clean 
measurement of the heavy triplet masses. Signals from v) and vi) have excellent potential for the discovery 
with relatively high signal rate and small background. Signals from vii) and viii) have large cross sections, 
but large background |13]. We will not cany out a full comprehensive study of all possible final states, 
but concentrate on two types of particular final states, belonging to iv) and vi), which represent two ideal 
signals for E + E~ and E^N productions. 

These two types of signals are: 1) pp -> E + E~ -> i + Z{-^ £+£')£' Z(-^ qq), and 2) pp E ± N -> 
i ± Z{-^> qq)l ± W^ L {-^ qq'). We note that all the particles in the final states in these two processes can be 
measured and the masses of E and N can, in principle, be reconstructed. Therefore these processes are 
easier to control compared with those with multi-neutrinos in the final states. Replacing Z by H° can also 
result in the same final states. Since Higgs boson mass is not known yet, we will not consider them. This 
type of events can be eliminated with reconstruction of Z mass. 

Our approach beyond the existing studies is to make concrete predictions of the E^ and N signals 
in connection with the neutrino oscillation parameters through Eq. [TU and allow the heavy triplet lepton 
masses to vary. We also include r events reconstruction which turns out to provide some interesting infor- 
mation. 

We now discuss the observability at the LHC in detail. In sub-sec. A and B, we are mainly concerned 
with the kinematical features for the signal and backgrounds. We will take the decay branching fractions 
of E and N to be 100% to the corresponding channels under discussions. In sub-sec. C, we will devote 
ourselves to the determination for the branching fractions. We also assume that the three heavy triplet 
leptons are hierarchical and consider the lightest one of them. We will comment on degenerate case as 
described in Case I previously at the end. 

A. E + E~ pair production 

In this case, one of the cleanest ways to make sure signals are from E + E~ production is to use the decay 
mode 

E ± ^£ ± Z (£ = e,/i,r) (30) 

and analyze 

E + E~ £ + Z{^ £+£-)£- Z{-^ qq). (31) 
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FIG. 10: Heavy lepton production total cross section at the LHC versus its mass. The black dashed curve is for 
pp — > E + E" . The black solid curve is forpp — > E^N via exchange, assuming Me = Mn- The two red curves 
are for pp — > E + N (solid) and pp — > E~N (dashed) respectively. 

We will explore the signal observability according to the different lepton flavors. 



1. E+E- -> £+£+£- £-jj (£ = e, n) 
For this case, the leading irreducible SM backgrounds to this channel are 



t+rz{-+ £ + r)jj -> i + £ + rrjj, 

bW + (^ £ + v))i{-^ 6W - (-» rv))Z{-+ t 



e+e+rr jj +# T . 



(32) 



We generate the SM backgrounds using MadGraph. 

Although the background rates are very large to begin with, the kinematics is quite different between the 



signal and the backgrounds. We employ the following basic acceptance cuts for the event selection j27ll 



p T {£) > 15 GeV, \r){£)\ < 2.5, 
PtU) > 25 GeV, |r?(j)| < 3.0, 
ARjj, ARji, AR U > 0.4. 



(33) 



where pr is the transverse momentum, i] is the pseudo-rapidity and AR is the separation between events 
for any of the pairs £ and £, £ and j, and, j and j. 
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To simulate the detector effects on the energy-momentum measurements, we smear the electromagnetic 
energy and jet energy by a Gaussian distribution whose width is parameterized as jjzl 

= J!g_ b cah a cal = 10%, b cal = 0.7%, 
E ^E/GeV 

= ^/G e \ ® bhad ' ahad = 5 ° % ' bhad = 3% ' (34) 
With further judicious cuts, the background can be reduced more. We outline the characteristics and 
propose some judicious cuts as follows. 

• For a few hundred GeV E, the leptons from heavy triplet lepton decays are very energetic. We 
therefore tight up the kinematical cuts with 

pjp ax (e) > M E / 4, P % ax (j) > 50 GeV. (35) 

• To reconstruct Z boson, we select among four possibilities of opposite sign lepton pair £ + £~ and 
take advantage of the feature M £ + e - = Mjj. In practice, we take their invariant masses close to Mz 
with \M e+t - . . - M z \ < 15 GeV. 

<-l <-2 'J J 



To reconstruct heavy lepton E, we take advantage of the feature that two E's have equal mass 
ground reduction, in particular for £ + £~ Zjj. 



i.+ ._,± = M . In practice, we take \M^ (r( ± — M . < Me /25. This helps for the back- 

12 3 33 4 12 3 ^3 4 



• To remove the ttZ background, we veto the events with large missing energy from W decay 0t < 
20 GeV. 

The production cross section of E + E~ signal with basic cuts (solid curve) and all of the cuts (dotted curve) 
above are plotted in Fig. [TT] For comparison, the background processes of £ + £~ Zjj and tiZ are also 
included with the sequential cuts as indicated. The backgrounds are suppressed substantially. 

Finally, when we perform the signal significance analysis, we look for the resonance in the mass dis- 
tribution of if £2 £f and jjif. The invariant masses of them are plotted in Fig. [12] for 300 GeV E pair 
production. If we look at a mass window of \M £ + e ~ £ ± --^ — Me\ < Me/20, the backgrounds will be at a 
negligible level. 

As a remark, we would like to comment on the other potentially large, but reducible backgrounds, 
like ttjj. The tijj production rate is very high, leading to the £ + £~ X final state with about 40 pb. 
Demanding another isolated lepton presumably from the b quarks and with the basic cuts, the back- 
ground rate will be reduced by about three to four orders of magnitude. The stringent lepton isolation 
cut for multiple charged leptons can substantially remove the 6-quark cascade decays. With the additional 
Mjj,M e +i- , M £ +£-^± , Mjjp cuts, the backgrounds should be under control. 
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FIG. 11: Production cross section of E + E~ with basic cuts (solid) and hard final states cuts (dashed). Branching 
fractions for E decay are not included in this plot. For comparison, the background processes are also included with 
the sequential cuts as indicated. 

2. E+E- -> r^e+e-jj, T+T-£+£-jj 

The r lepton final state from E decay can provide additional information. Its identification and recon- 
struction are different from e, fi final states because a r decays promptly and there will always be missing 
neutrinos in r decay products. 

In order to reconstruct the events with r's we note that all the r's are very energetic from the decay of a 
few hundred GeV heavy lepton E. The missing momentum will be along the direction of the charged track. 
We thus assume the momentum of the missing neutrinos to be reconstructed by 

"^(invisible) = n~p (track). (36) 

Identifying pr (invisible) with the measured 0t, we thus obtain the r momentum by 

~Pt{t) = f T (i) + Xt, P L (t) = p L (l) + ^fffdt)- 

The E pair kinematics is, thus, fully reconstructed. The reconstructed invariant masses of M(£^^"r ± ) and 
M(jjf^) are plotted in Fig. [13] We see that M^ifl^T^) distribution (solid curve) is slightly broader as 
anticipated. We always can find the rather narrow mass distribution. The jji^ system right here (dashed 
curve) serves as the most distinctive kinematical feature for the signal identification. Of course the single r 
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FIG. 12: Reconstructed invariant mass of M{£+£^), M(jj) (a) and M(£\£^£^ ), M(jj£%) (b) for £+£+£-£- jj 
production, with a E mass of 300 GeV. 

lepton could also be produced with the hadronic decay Z boson from the same parent E. The feature in this 
case is the same. 

For t + t~£ + £~ jj events with two r's, we generalize the momenta reconstruction to 

^(invisible) = Ki~j?(tracki) + ^"p^ (tracks). (37) 

The proportionality constants k± and k<i can be determined from the missing energy measurement as long 
as the two charge tracks are linearly independent. In practice when we wish to identify the events with r's, 
we require a minimal missing transverse energy 

> 20 GeV. (38) 

This will effectively separate them from the £ + £ + £~£~ jj events. 

Another important difference between the leptons from the primary E decay and from the r decay is 
that the latter is much softer. In Fig. [14] we show the pt distribution of the softer lepton from the heavy 
lepton and r decays in the events of £ + £ + £~£~jj, r ± ^ =F : £^ f jj and t + t~£ + £~ jj. 

Note that the two r's could be produced from either two heavy leptons or Z boson. It is easy to distin- 
guish the two cases. Firstly it is the two hard e, [i leptons that reconstruct Z boson when two r's are from 
E decay, but if two r's reconstruct Z boson the invariant mass distribution must be much broader. We plot 
the reconstructed invariant mass distributions of M(£ + £~) and M(r + r~) in Fig. [15] On the other hand, 
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FIG. 13: Reconstructed invariant mass of M{ty£^T ) (solid), M(jj£^) (dashed) for t £^£~£~jj production, with 
a E mass of 300 GeV. 

for E reconstruction, the invariant masses of r ± £ + £~ and T^jj are almost the same. But that of I^t^t" 
is broader than £ T jj, see Fig. [16] 

B. E ± N associated production 

In this case the cleanest decay modes of and N are 

E ± -> l±Z, N -> ^ {£ = e, ft, r) (39) 

and the signals for E ± N associated production are 

E ± N -» ^Z(^ gg 7 ). (40) 

We employ the same basic acceptance cuts and smearing parameters as in the previous section. The 
leading irreducible SM background to this channel is 

t£W± ^ ^^jjjj + E- T . (41) 

The QCD processes jjjjW ± W ± ,jjW ± W ± W Zfl are much smaller. This is estimated based on the fact that 
QCD induced jjW^W^ — ► jjl^l^J^T is about 15 fb. With an additional a 2 s and 6 body phase space or 
one more W suppression, they are much smaller than ttW . Other EW backgrounds WWWW, WWW Z 
are also negligible. 
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FIG. 14: pr distribution of the softer lepton from the heavy lepton E and r decays in the events of £ + l + £ £ jj, 

T^Jpt+£-jj and T+T-£+£~jj, for a E mass of 300 GeV. 

We again apply further judicious cuts as following to reduce the background, 

• We set additional cuts for hard leptons and jets 

pjp ax (£) > M E / 4, p^ ax {j) > 50 GeV. (42) 

• To reconstruct Z and W boson masses, we select two pair jets among the four ones and take their 
invariant masses closest to Mz and Myy with \Mj 1 j 2 — Mz(Mj 3 j 4 — M\y)\ < 15 GeV. Their 
invariant masses are plotted in Fig.[P71(a). 

• To reconstruct heavy lepton E and N, we take advantage of the feature that they have equal mass 
M£ 1 j 1 j 2 = M( 2 j 3 j 4 . In practice, we take |M^ 1J - 1J - 2 — Me 2 j 3 j 4 \ < Me/25. This helps for the back- 
ground reduction. 

• To remove the ttZ background, we veto the events with large missing energy from W decay E't < 
20 GeV. 

Next, when we perform the signal significance analysis, we look for the resonance in the mass distribution 
of ^ijij2 and ^2i3j4- The invariant masses of them are plotted in Fig.[T7](b) for 300 GeV E pair production. 
If we look at a mass window of \Mi 1 j 1 j 2j i 2 j 3 j 4 — Me\ < Me/ '20, the backgrounds will be at a negligible 
level. The production cross section of E^N signal with basic cuts (solid curve) and all of the cuts (dotted 
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FIG. 15: Reconstructed invariant mass of M(£ + £ ), M(t + t ) for t + t £ + £ jj production, with a E mass of 300 
GeV. 

curve) above are plotted in Fig. [T8j For comparison, the background processes of tiW^ is also included 
with the sequential cuts as indicated. 

Finally, we would like to give a comment for another excellent signal for E^N production 



E ± N -» tZ^ l+ry^W^i^ qq') 



(43) 



This signal has almost no standard model background. However, its production rate is about 10 times lower 
than that we consider above. We will not study it here further. 



C. Measuring Branching Fractions 

So far, we have only studied the characteristic features of the signal and backgrounds for the leading 
channels with the decay branching fractions of E and N to be 100%. For illustration, we consider first the 
cleanest channel, E + E~ — > fi + Z \T Z. The number of events is written as 

N = L x a(pp — ► E + E~) x BR 2 (E ,+ — ► ^ + Z), (44) 

where L is the integrated luminosity. Given a sufficient number of events N, the mass of E is determined 
by the invariant mass of three leptons and one lepton and two jets. We thus predict the corresponding 
production rate a(pp — ► E + E~) for this given mass. The only unknown in the Eq.|44]is the decay branching 
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FIG. 16: Reconstructed invariant mass of M^i+T) (solid), M(r T jj) (dashed) (a) and M^t+t-) (solid), 
M (£ T jj) (dashed) (b) for r+T'l+l-jj production, with a E mass of 300 GeV. 

fraction. We present the event contours in the BR— Me plane in Figs. [19] (a) and (b) for 100 fb _1 and 
300 fb _1 luminosities including all the judicious cuts described earlier, with which the backgrounds are 
insignificant. We see that with the estimated branching fraction for \i + Z, one can reach the coverage of 
about M E < 0.8 TeV for 100 fb" 1 luminosity and M E < 0.9 TeV for 300 fb" 1 luminosity. 

The associated E^N production has larger cross section compared with E + E~ production and can 
provide even better signals. In Figs. |20](a) and (b), we show the event contours in the BR-Me plane, for 
100 fb" 1 and 300 fb _1 luminosities including all the judicious cuts described earlier. Note again the events 
number for E + N and E~N cases are different due to the LHC being a pp machine. In Fig. |2T](a) and 
(b) we show the event contour for E + N and E~ N separately. One can see that the LHC has tremendous 
sensitivity to probe the channel E^ — > fj, Z or N — > fi in this production mechanism. One can reach 
the coverage of about Me < 1 TeV for 100 fb" 1 luminosity and Me ^1-2 TeV for 300 fb _1 luminosity. 

We comment that for Case I, where the three heavy triplet charged and neutral leptons are degenerate, 
one can not distinguish among the three heavy particles and the detection signals will add up. This will 
enhance the event number by roughly a factor of 3. 

As discussed earlier that in Case I, the E and N decay branching fractions and the light neutrino mass 
matrix are directly correlated, therefore measuring the BR's of different flavor combinations becomes cru- 
cial in understanding the neutrino mass hierarchy pattern and thus the mass generation mechanism. We find 
the following for Case I when all phases are neglected, 
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FIG. 17: Reconstructed invariant mass of M(jij2), M (,73,74) (a) and M^iijijz), M^jujA) (b) for t^i^jjjj pro- 
duction, with a £7 mass of 300 GeV. 



BR{E + E~(E ± N) -> tiZZ(tlZW)) 



(23%) 2 for NH : + r ± )( / u ± + t±)ZZ{ZW), 
(13%) 2 for IH : e ± e ± ZZ{ZW), 

(17%) 2 for QD : (e ± + // ± + r ± )(e ± + /x± + t ± )ZZ{ZW), 



(45) 

supporting statement above. These predictions are the consequence from the neutrino oscillation experi- 
ments and are subject to be tested at the LHC to confirm the seesaw theory. However for the more general 
situation Case II when heavy neutrinos are not degenerate, no such information can be extracted since the 
correlation between the BR and light neutrino mass patterns is not strong. 

We would like to comment that even for the complicated Case II, interesting information about the 
model can still be extracted. As pointed out earlier that using information on the neutrino mass pattern from 
other experiments and the sizes of elements in Vjjv from analysis here, one may be able to obtain more 
information about the model parameters such as the angles Wij and the Majorana phases. 

VI. SUMMARY 



We have studied the properties of heavy SU(2)i triplet lepton in Type III seesaw model and also their 
signatures at the LHC for small mixing solution between light and heavy leptons. The small mixing solution 
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FIG. 18: Total cross section for E^N production after the basic cuts (solid) and all cuts (dashed) and the leading 
tiW background after all cuts. 

is characterized by the fact that in the limit that the light neutrino masses go to zero, the mixing also goes 
to zero. The smallness of light neutrino masses then leads to the fact that the total decay widths of heavy 
leptons are small. With such small decay widths, although not considered as long-lived for large triplet 
mass, the heavy lepton decays could lead to a visible displaced vertex in the detector at the LHC. This 
displaced vertex can be observed through E and N reconstructions. We summarize our main results with 
small mixing in the following: 

• To a good approximation, the couplings of light charged lepton and heavy triplet leptons Vin to Z, 
W and H° bosons in Eq. [FT] can be expressed with measurable neutrino mass and mixing through 
Eq. [18] with three unknown complex parameters Wij in a 3 x 3 orthogonal matrix given in Eq. [25] 
This allowed us to study the correlation between the decays of heavy triplet leptons, light neutrino 
masses and mixing and model parameters. With real Wij, the mixing between light and heavy is 
small which leads to displaced vertex at the LHC for heavy leptons decays if produced. 

• Using the relation in Eq. [18] we have tried to study possible correlation in neutrino mass hierarchy 
and heavy lepton decays with real Wy. We find that only in certain limited cases, for example Case 
I studied in this paper, the correlation is strong. The study of heavy lepton productions and decays 
at the LHC may help to determine the neutrino mass hierarchy. For the more general situation 
Case II when heavy neutrinos are not degenerate, no such information can be extracted because the 
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FIG. 19: Event contours in the BR- Me plane at the LHC with integrated luminosity 100 fb 1 (a) and 300 fb 1 (b) 
for E + E~ — > /i + Z^T Z — > fi + fi + fi~ fi~ j j , including all the judicious cuts described in the early section. 

correlation is weak. However, even for this case interesting information about the model can still 
be extracted. If in the future the neutrino mass pattern is determined from other experiments and 
the sizes of elements in Vin from analysis of heavy lepton productions and decays at the LHC, one 
may be able to obtain more information about the model parameters such as the angles Wij and the 
Majorana phases <I>j. 

• We have studied production and detection of heavy triplet leptons at LHC with judicious cuts to 
reduce SM background to see how large the seesaw scale can be reach at the LHC. The associated 
production E^N is crucial to identify the quantum numbers of the triplet leptons and to distinguish 
between the neutrino mass hierarchies. Even with only the cleanest channels [i^fi^ + jets, the signal 
observability can reach about M E < 1 TeV for 100 fb" 1 luminosity and M E < 1.2 TeV for 300 fb" 1 
luminosity. 

• Although the rate of pair production E + E~ is smaller than E^N, we demonstrated that besides the 
clean 4-lepton channels from e, fi, the r final state can be effectively reconstructed as well. Even 
with only the cleanest channels fi + fi + pT /j," + jets, the signal observability can reach Me < 0.8 
TeV for 100 fb" 1 luminosity and M E < 0.9 TeV for 300 fb" 1 luminosity. 
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FIG. 20: Event contours in the BR- Me plane at the LHC with integrated luminosity 100 fb 1 (a) and 300 fb 1 (b) 
for E ± N -> y^Zp^W^ — > ft fJ-^jjjj, including all the judicious cuts described in the early section. 

If Nature does use low scale, as low as 1 TeV, to facilitate seesaw mechanism, there will be a lot of 
surprises to come soon after LHC will be in full operation. We urge our experimentalists to carry out 
searches for low scale seesaw effects. 
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FIG. 21: Event contours in the BR- AI E plane at the LHC with integrated luminosity 100 ftT 1 (a) and 300 fb -1 (b) for 
E + N — > n + Z n + W~ — > /i + /i + j j j j (solid line) and E~N — > yT Z y~W + — > y~ yT jjjj (dashed line), including 
all the judicious cuts described in the early section. 
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APPENDIX A: DERIVATION OF EQUATION Ql 

To derive Eq. \T3\ we need to have some detailed relation of the block matrices in the unitary matrices 
Uo and Ul,r- For Uq, we have 

Uq vv U Qvv + Uq v ^U Qj/S = Uqy.uUI^ + t/oEE^oES = 1, 

U 0l/v U 0uu + U QSl ,Uozu = U Quj: Uo w z + U OST U xx = 1, 
UowUlvv + ^e^ee = ul v U 0uS + E/^C/ose = 0. 



From neutrino mass matrix diagonalization, we have 



Y£v/V2 M£ I \ Mgtf 



(Al) 
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and 



ul v Y£v/V2 + U^M^ = mfvu&v, Y^vU^/V2 + M^U^x = UomM*j?. (A3) 



For U l,r, we have 

Ul,ru u l,ru + u L,m*U LRliB = U L>Rm U LRm + U L>m yU L>mi5 , = 1, 

u l,ru u l,ru + U LRm U L)Rm = U LRl<S! U L>im , + Ul im yUL,RW = 1, (A4) 

UL,miU L)Rm + U L , RW U L>miS! = U LRll U LiRl y + U LRm U L ,Ryy = 0. 

From charged lepton mass matrix diagonalization, we have 

V MtJ \ Mg» j 

and 

U Rm M-z = mf a9 ul m , miU LW = U m ^M^ 9 , 

u mi m i + u mi Y ^ v = ™f a9U Liv Y s vU Ll * + M S U L ^ = U m *M^ 9 , (A6) 
u lu Y h + U LM = m f a9u mn m l u Ri* + Y*vU m y = UuvMgg . 

Combining the above relations and the definition of V^, and using the approximation Mxn = Mt,c = 
we obtain 

Vi = Uy/ort + V2Ul m U xx , (A7) 

which leads to 

Vi = VpmnsUI u Uovx + >/2Ul 9l U<sn + ^A/e^e • (A8) 

Then we have 

V&MgvulvULu = -VpMN S ™? a9 uLu Lll + V2Ul m YxvV2U Lll . (A9) 
From the definition of we can also get 

Vk = VpMNsU^U xx + ui u U 0u x + ViU^Uoxz (A10) 
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which leads to 



v£*M^ 9 u^u Lm 



-v 



PMNS 



m 



(All) 



Combining Eqs. |A9| and lAll[ we finally obtain 



+ Ul u Y£vU Lm + uZwYwUm 



VpMNS m t a9v pMNS + m ? a9u mi u LM + U[ m U Rm m 



diagjjT 



diag 



(A12) 



APPENDIX B: EXPLICIT EXPRESSIONS OF V lN FOR CASE II 



From Eq.[[8]we can write Vin explicitly as 

Vin = iVpMNS (rof*) 1 ' 2 (M^)-V2 
where is matrix which satisfies Q£l T = 1. It can be parameterized as 



(Bl) 



0(^21,^31)^32) = ^12(w2l)-Rl3(^3l)-R23(^32), 



(B2) 



with 



' CW21 — SW21 » 



R 



12 



5^21 CW21 

1 



, R 



13 



CW31 — SU>31 

1 

y SW31 cu; 3 i y 



R 



23 



^10 ^ 

cu7 32 -SW32 

V sw 32 cw 32 y 



where siOjj = sin(u>jj) and cos(iOjj). 

The couplings Vin for different charged lepton and heavy neutrino flavors are 



-iV lN \/Ml = V^2( C 12C23 - Sl2Sl3S23e if> )s'U'2lCW31 

+ \Mi( _s i2C23 - ci 2 si3'S23e l<5 )cu;2icu;3ie l ' I>1//2 + ^/rn^ci 3 s 2 3SW3ie l ' s ' 2/2 

4V l T x\/ r Mi = ^/rrn{-ci 2 s 23 - si2Si 3 C2 3 e lS )sw2icw 3 i 

+ V^i0i2S23 - ci2Si3C2 3 e J,5 )cw;2ic«;3ie l<I,l/2 + ^/m^c 13 C23SW 3 ie l ^ 2/2 , 



/ rn2~cisSi2SW2icw3i + v 7 ^^^^!^^ 1 * 1 / 2 + ^/m^sisswsie 1 ^ 2 ^ 2 ^ 



(B3) 
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iV^s/M. 



~- \/rn2C 13 s 12 (-sw 2 isw 31 sw 3 2 + cw 21 cw 32 ) , 

+ \/rnici 2 ci 3 (—sw 3 isw 32 cw 2 i — sw^cw^e 1 ® 1 / 2 + y/rn^s^sw^cw^e 11 ^ 2 / 2 "^ 

-iV^y/Ifa = \[rm{cviOz$ - s\ 2 s\ 3 s 23 e %& ){-sw 21 sw 31 sw 32 + cw 21 cw 32 ) , 

+ \MI(-si2C23 - ci 2 si3S23e t<5 )(-stt;32S'u;3ict(;2i - sw 21 cw 32 )e tiS>l/2 



+ \/rnici 3 S 23 SW 32 CW 3 ie 



i<J> 2 /2 



-W^y/M^ = V^(~ c i2S 23 - si 2 s 13 c 23 e l5 )(-sw 2 isw 3 isw 32 + cw 2 icw 32 ) 

+ \A"l( s 12«23 - Cl2Si3C2 3 e J<5 )(-SW;32SW3lC^21 - sw 2 icw 32 ) 1 /2 



<m 3 ci 3 c 23 sw 32 cw 3 ie 



i* 2 /2 



(B4) 



iV{$\fM~ 3 = ^/rn 2 ~Cl 3 Sl 2 {-sw 32 cw 2 l - sw 21 sw 3 icw 32 ) , 

+ T/rniCi 2 ci 3 (sw 2 isw 32 - sw 3 icw 2 icw 32 )e tiS>1 / 2 

i(* 2 /2-<5) 



'm 3 si 3 cw;3iczz;32e 



~ iV lN V M 3 = Vm2(ci2C 23 - Sl2Sl3S23e* )(-S^ 32 CW21 ~ SW 21 SW 31 CW 32 ) 

+ \/™l(-Sl2C23 - Cl2Sl 3 S23e 4<5 )(s^ 3 2SU;21 ~ SW 3 iCW 2 iCW 32 )e l<S>1 ^ 2 

, jg>n l 2 

+ Vrn3Ci3S23CW3lCW32e ' > 

-iV l $\/M 3 = ^y^(-c 1 2S 23 - s 12 si 3 c 23 e l5 )(-sw 32 cw 2 i - SW 2 lSW 3 lCW 32 ) 

+ ^/m~[(si 2 s 23 - ci 2 si 3 c 23 e l5 )(sw 32 sw 2 i - sw^cw^cw^e 1 ^ 1 ^ 

+ ^/m^c^c^cwucw^e 1 ^ 2 ^ . (B5) 

Note that Q, is only required to satisfy QQ T = 1, the angles Wij can take complex values. In principle, 
the elements in Q, is unbounded. For example taking Wy to be imaginary and arbitrarily large will lead to 
large light and heavy neutrino mixing. Since we are only interested in small mixing with element in V/tv of 
order \Jm v jMfq, we will consider in the main text that the element in Q to be real numbers by restricting 
the ranges of to be < Wij < 2ir. In this case the above general solution belongs to the small mixing 
solution. In the limit the light neutrino masses go to zero, all elements in Vin is guaranteed go to zero. Also 
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these elements are of order (m^/M^) 1 / 2 . 
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